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A B S T R A C T
A series of bismo-borate (50-x)B2O3-xTiO2-15Na2O–30Bi2O3 glass samples (where x = 0, 2.5, 5, 7.5, and 10 wt
%) doped with TiO2 were fabricated via the melt-quenching technique. The gamma and neutron shielding,
physical, optical, and mechanical properties of the prepared samples were investigated. The experimental results
were measured using an HPGe detector. 152Eu, 133Ba, 137Cs, and 60Co radioactive sources were used with en-
ergies in the range of 81–1408 keV. The experimental results were compared with both the FLUKA code and the
XCOM database. The addition of TiO2 increased the density of the glass samples and decreased their molar
volume. The mass attenuation coefficient (MAC) decreased as photon energy decreased, while it increased as
TiO2 concentration increased. The half value layer (HVL) and mean free path (MFP) of the glass samples in-
creased when the photon energy increased and decreased as the TiO2 concentration increased. The absorbance
of the present samples is enhanced by using TiO2, meaning they can be used to protect humans from UV light.
Both direct and indirect band gaps decreased as TiO2 content increased from 0 to 10 wt %. Moreover, the
electronic transition between localized states is valid in the present samples. The radiation shielding, optical,
physical, and mechanical properties of the fabricated glass samples demonstrate their utility for diagnostic
gamma shielding.
1. Introduction
The term of natural radiation comprises such as radiation from the
cosmic region and the radiation arising from the decay of natural
radionuclides. The primordial radioactive elements of the Earth crust,
their radioactive products and the radiation nuclides produced by
cosmic radiation interactions are included in the natural radionuclides.
These are present in the Earth's crust. On the other hand, it is also
emitted by man-made radioactive sources, which are utilized in many
fields of activity like cultivation, manufacturing, nuclear power, and
medical researches [1]. After recognizing that radioactive sources are
harmful to humans, scientists began to protect themselves against ra-
diation, particularly higher energy gamma radiation and permeation.
Principally, thick shielding materials should be utilized in areas that
contain radioactive resources or waste in order to maintain the initial
amount of radiation as-low-as possible. Among the traditional shields,
Lead (Pb) is one of the most frequently utilized protective material
because of its different characteristic advantages such as high atomic
number, material density. In addition, Pb is known for its availability in
different structural forms such as powder and glass [2]. In addition to
the remarkable benefits of Pb such as softness and rigidity, on the other
hand, it has some disadvantages such as massive weight, toxic structure
and production of secondary radiation. Radiation shielding plays a
substantial role in the evolution of high-performance radiation facil-
ities, especially for mobile equipment and consolidated systems like
wagon-mounted neutron sources, naval nuclear propulsion on systems,
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space reactors, and other advanced nuclear systems [3–5]. The funda-
mental objective of radiation shielding design is to create a shield
surrounding the nuclear radiation facilities to reduce the radiation dose
as much as possible [6]. As nuclear facilities have limited space avail-
able, the shield should be consolidated, lightweight, and specialized
[7]. The physical properties of materials depend strongly on their
chemical composition, density, and bonding forces [8]. Due to a low
price and ease of fabrication, concrete materials are widely used in
gamma radiation shielding. Unfortunately, concrete materials develop
cracks over time due to tensile stress, thus becoming ineffective.
Moreover, concrete materials are opaque [9] Thus, glass materials
could be a useful alternative for radiation shielding. Glass materials
with high chemical durability, high transparency, and grand radiation
shielding properties are essential in many applications. Glass materials
containing lead (Pb) are used extensively in radiation shielding appli-
cations due to their super absorbance of gamma radiation [10]. How-
ever, as Pb is toxic to the environment and human beings, it should be
replaced by Pb-free glass materials [11]. B2O-based glasses have unique
characteristics like high transmittance and thermal stability, resulting
in interesting materials for use in various applications like glass cera-
mics, mechanical sensors, and radiation shielding [12]. In addition to
large IR transmission window, their high refractive-index makes Bi2O3
glasses an ideal optical component. When Bi2O3 is used as a modifier, it
takes up both Network formation and Network Modification positions
because due to its highest valance. The addition of Bi to borate glasses
as heavy metal ions improves the radiation shielding properties. The
addition of transition metals like titanium dioxide to glass produces a
material useful in various applications. In two-oxidation states (Ti3+
and/or Ti4+), titanium ions can participate in a glass network [13].
Many scientists have been looking for a more adequate attenuator that
can protect the living biological tissues and organs from hazardous
effects of gamma photons. On the other hand, another issue attributed
to this ongoing investigation is to provide some essential advantages
such as cost-effectiveness, high durability, non-toxicity, lightweight,
and portability [14–17]. By considering the recent investigations and
needs for superior shields, this work aimed to perform a large experi-
mental characterization on a different type of TiO2, reinforced glasses
in terms of their optical, nuclear radiation shielding and mechanical
properties. Accordingly, xTiO2-15Na2O–30Bi2O3-(50-x)B2O3 glass
system and manufactured samples (where x = 0, 2.5, 5, 7.5 and 10 wt°/
o) have been investigated. The definition of an ideal radiation shield
can be classified with different titles. In addition to attenuation prop-
erties, mechanical and optical properties are also of decisive im-
portance in this regard. Therefore, radiation shielding, optical, and
mechanical properties of the prepared glass samples have synergisti-
cally been investigated. It is worth mentioning that experimental
gamma-ray attenuation parameters have been determined using 14
different gamma-ray energies ranging from 81 to 1408 keV. The results
obtained from this study can make a significant contribution to the
glass literature, especially in terms of the development of the novel
glassy systems based on similar chemical structure of recent glasses.
2. Materials and methods
2.1. Fabrication of glass samples
Melt-quenching technique has been used to synthesize samples of
the xTiO2-15Na2O–30Bi2O3-(50-x)B2O3 glass (where x = 0, 2.5, 5, 7.5






The operation process and implemented steps for glass fabrication
can be listed as follows;
i) Boron oxide (B2O3) 99.99%, bismuth oxide (Bi2O3) 99.99%, sodium
oxide (Na2O) 99.99%, and titanium oxide (TiO2) 99.999% were
mixed and pre-heated at 300 °C for 2 h.
ii) The mixtures were molten in porcelain crucibles at a temperature of
1100 °C for 30–45min.
iii) Next, they were placed into a stainless mold to give the glass
samples a disc shape.
iv) The glass samples were then transferred to a muffled burner at
300 °C to anneal.
2.2. Structure and optical measurements
In this study, material densities and molar volume calculations are
calculated by using the well-known Archimedes rule. Next, weights of
the fabricated glass-specimens were determined in air and toluene
(ρliq = 0.866 g/cm3 at room temperature) using a 4-digit sensitive
microbalance. X-ray diffraction (XRD) investigations were carried out
using a Bruker AXS D8 Advance diffractometer (Germany) (CuKα ra-
diation) to analyze the structure of the samples at room temperature. To
determine the optical properties of fabricated glass samples, JASCO
UV–Vis–NIR model V-570 spectrophotometer was utilized on polished
glass discs.
2.3. Gamma attenuation measurements
The gamma detecting unit BDECi-40 190 is designed to convert
Gamma Quanta energy into electrical signals, using a detector made of
especially pure germanium. This signal is proportionate to the spec-
trometric or another piece of nuclear physical equipment in amplitude
for subsequent processing. In this study, MSPA 5.03 software and an
HPGe-0 I spectrometer were successfully utilized to record Gamma-ray
spectra. (see Fig. 1). It is worth mentioning that extensive technical
properties of used HPGe spectrometer can be obtained from literature,
elsewhere [18]. Exemplary gamma-ray spectrometric sources (OSGI)
have been used to calibrate detector registration efficiency, which
certified at VNIIM (St. Petersburg). 241Am, 133Ba, 152Eu, and 137Cs
radionuclides were used to calibrate the spectrometer [19]. The
gamma-ray attenuation coefficients of the investigated glass samples
were obtained for 12 energy lines (121.8, 244.7, 344.3,444, 778.9,
867.4, 964.1, 1112.1 and 1408 keV), (81 and 356 keV), (1173 and
1332 keV) and 662 keV): these were emitted from 152Eu, 133Ba, 60Co,
and 137Cs radioactive sources, respectively. All samples were measured
five times in order to reduce the statistical error. The gamma spectra
without and with the TNB5 glass sample at 662 keV are shown in Fig. 2.
The mass attenuation coefficients values of the fabricated glasses
are described in terms of the measured transmitted photon energy in-
tensity through glass thickness t and incident photon intensity I0 ac-
cording to the Beer-Lambert law:
= −I I eo LAC ρ t( / ) (1)
where LAC is the linear attenuation coefficient. It is not possible to
measure the LAC using the narrow-beam geometry technique. In order
to the scattered-radiations, which are always penetrated the detector
along with the transmitted beam, the transmitted radiation intensity
will be calculated by the modified Lambert-Beer's law:
= −BF LAC LAC texp[( ) ]th exp (2)
Using the weight elements (wi) in glasses, the MAC theoretical va-
lues were calculated with the XCOM [20] database:




The desired glass thickness should reduce the absorbed radiation
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intensity to one-half and one-tenth of the initial radiation: these are
called the half-value layer (HVL) and tenth-value layer (TVL), respec-









Glass with a thickness of one mean free path (MFP) absorbs 0.36.8
of the initial gamma intensity when it passes through the glass. It is





Three more substantial parameters are the transmission factor (TF)
(the ratio of the radiation intensity crossing through the glass to the
incident intensity on the surface of the glass), Pb-equivalent thickness





















2.4. Theoretical and simulation calculations
Today, scientific studies having their transformation through the
novel methods and challenges instead of traditional investigation
methods. In particular, radiation studies are found as suitable for ra-
diation transportation simulations based on Monte method. The term of
Monte Carlo method is a promising tool due to its solution-oriented
estimation process in critical situations. The literature review has
shown that several well-known radiation transport cedes based on
Monte Carlo method are being used by researchers. Among the fre-
quently used codes, FLUKA is a radiation transport code with its user-
friendly properties and extensive physics libraries [24]. On the other
hand, simple and complex geometries can be designed through the
FLUKA Monte Carlo code [25,26]. A database analysis interface, known
as Flair, was used for editing files and code running. The mono-en-
ergetic photon source was defined by a BEAM card. A BEAM POS card
was used to set the position and direction of the source. The sample was
modeled as a rectangular parallelepiped (RPP) with a cross-section of
l0x 10 cm and a thickness of 0.4 cm. The modeling of sample materials
was done with MATERIAL and COMPOUNDS cards. The MATERIAL
card was used to define the selected composition with required in-
formation such as density, descriptive material number and elemental
fractions. The COMPOUNDS card allows for defining the mixture of
different materials with various weight fractions of atoms. The detector
volume was placed inside a cylindrical collimator with an outer dia-
meter of 10 cm, an inner diameter of 0.4 cm, and a length of 4 cm: it
was made of lead to prevent scattered radiation. The detector volume is
presented as a cylinder with a diameter of 0.4 cm and a length of
2.3 cm: all free space was filled with a vacuum to avoid scattered
photons. In the detector volume, the number of incoming photons was
detected by a USRBIN card. The USRBIN card requires only the type of
particles7 and the region of the detector volume. In order to obtain high
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2.5. Fast neutron removal cross-sections
The term of effective removal cross-section, ΣR (cm−1), explains the
potential of a neutron to cross through the glass without interaction.
The ΣR of any composite can be predicted using [27]:




where (ΣR/ρ)i is the removal cross-section of the ith component.
2.6. Mechanical properties
The following parameters such as oxygen volume (MOV), oxygen
packing density (OPD), fractal bond connectivity (d), number of bonds
per unit volume (nb), and average cross-link density (ACD) can be
Fig. 2. The gamma spectrum with and without absorber of TNB5 glass sample.
Fig. 3. FLUKA Monte Carlo simulation setup used for mass attenuation coefficients calculations of glasses.
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Table 1
Chemical compositions (wt. %) and density (ρ) for prepared glass samples.
Code TiO2 Na2O Bi2O3 B2O3 B O Na Ti Bi ρ (g/cm3)
TNB1 0 15 35 50 0.155285 0.419489 0.111279 0 0.313946 4.0251
TNB2 2.5 15 35 47.5 0.147521 0.412269 0.111279 0.014985 0.313946 4.0951
TNB3 5 15 35 45 0.139757 0.405048 0.111279 0.02997 0.313946 4.2521
TNB4 7.5 15 35 42.5 0.131993 0.397827 0.111279 0.044956 0.313946 4.4957
TNB5 10 15 35 40 0.124228 0.390606 0.111279 0.059941 0.313946 4.7951
Fig. 4. Variations of experimental density (ρ) results of glass samples.
Fig. 5. X-ray diffraction patterns of prepare glass samples.
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Fig. 6. Variation of experimental linear attenuation coefficient (LAC) values versus photon energy of TNB5 glass sample.
Fig. 7. Variation of experimental mass attenuation coefficient (MAC) values for the glass samples with photon energy for experimental results.
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Table 2
Experimental, XCOM and FLUKA results of mass attenuation coefficient (MAC) (cm2/g) for the prepared glasses.
E (Kev) TNB1 TNB2 TNB3
Exp. ± XCOM FLUKA Exp. ± XCOM FLUKA Exp. ± XCOM FLUKA
81.00 0.87377 0.0035 0.8772 0.85846 0.882508 0.0038 0.885972 0.867045 0.891333 0.0039 0.8948 0.8757
121.8 1.16308 0.0047 1.162 1.1812 1.174711 0.0047 1.17362 1.193012 1.186458 0.0047 1.1854 1.2049
244.7 0.28687 0.0044 0.2671 0.2848 0.289739 0.0048 0.269771 0.287648 0.292636 0.0053 0.2725 0.2905
344.3 0.17099 0.0032 0.1595 0.16131 0.1727 0.0036 0.161095 0.162923 0.174427 0.0039 0.1627 0.1646
356.0 0.16423 0.0031 0.1528 0.1588 0.165872 0.0034 0.154328 0.160388 0.167531 0.0038 0.1559 0.1620
444.0 0.10977 0.0027 0.1196 0.12585 0.110868 0.0030 0.120796 0.127109 0.111976 0.0033 0.1220 0.1284
662.0 0.09367 0.0023 0.08481 0.0856 0.094607 0.0026 0.085658 0.086456 0.095553 0.0028 0.0865 0.0873
778.9 0.07967 0.0028 0.07567 0.07882 0.080467 0.0031 0.076427 0.079608 0.081271 0.0034 0.0772 0.0804
867.4 0.06528 0.0023 0.07043 0.07032 0.065933 0.0025 0.071134 0.071023 0.066592 0.0028 0.0718 0.0717
964.1 0.06949 0.0024 0.06585 0.06654 0.070185 0.0027 0.066509 0.067205 0.070887 0.0029 0.0672 0.0679
1112 0.06188 0.0022 0.06025 0.05953 0.062499 0.0024 0.060853 0.060125 0.063124 0.0026 0.0615 0.0607
1173 0.06335 0.0022 0.05831 0.05765 0.063984 0.0024 0.058893 0.058227 0.064623 0.0027 0.0595 0.0588
1332 0.05328 0.0019 0.0542 0.05543 0.053813 0.0021 0.054742 0.055984 0.054351 0.0023 0.0553 0.0565
1408 0.05412 0.0019 0.05263 0.05538 0.054661 0.0021 0.053156 0.055934 0.055208 0.0023 0.0537 0.0565
E (Kev) TNB4 TNB5
Exp. ± XCOM FLUKA Exp. ± XCOM FLUKA
81.00 0.900246 0.0039 0.9038 0.8845 0.909249 0.0043 0.912818 0.893317
121.8 1.198322 0.0048 1.1972 1.2170 1.210306 0.0053 1.209182 1.229161
244.7 0.295562 0.0059 0.2752 0.2934 0.298518 0.0065 0.277945 0.296364
344.3 0.176171 0.0043 0.1643 0.1662 0.177933 0.0048 0.165976 0.16786
356.0 0.169206 0.0042 0.1574 0.1636 0.170898 0.0046 0.159004 0.165248
444.0 0.113096 0.0037 0.1232 0.1297 0.114227 0.0040 0.124456 0.13096
662.0 0.096508 0.0031 0.0874 0.0882 0.097473 0.0034 0.088254 0.089076
778.9 0.082084 0.0037 0.0780 0.0812 0.082905 0.0041 0.078743 0.08202
867.4 0.067258 0.0030 0.0726 0.0725 0.067931 0.0033 0.07329 0.073175
964.1 0.071596 0.0032 0.0678 0.0686 0.072312 0.0036 0.068524 0.069242
1112 0.063755 0.0029 0.0621 0.0613 0.064393 0.0032 0.062696 0.061947
1173 0.06527 0.0030 0.0601 0.0594 0.065922 0.0032 0.060678 0.059991
1332 0.054894 0.0025 0.0558 0.0571 0.055443 0.0027 0.056401 0.057681
1408 0.05576 0.0025 0.0542 0.0571 0.056317 0.0028 0.054767 0.057629





















Fig. 8. Variation of experimental half-value layer (HVL) values with photon energy for the glass samples.
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utilized to calculate some essential physical parameters of the proposed
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where Vm, Xi, M, ni, nf, and NC are the molar volume, molar fraction of
the ith component, molecular weight, number of oxygen atoms in each
constituent oxide, coordination numbers, and the number of cations per
glass formula unit, respectively. Using packing density (Vt) and dis-
sociation energy per unit volume (Gt), Makishima and Mackenzie sug-
gested a model to evaluate the values of Young's modulus (Y), the bulk
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Experimental tenth value layer (TVL) and mean free path (MFP) results of the prepared glasses.
E (Kev) TVL MFP
TNB1 TNB2 TNB3 TNB4 TNB5 TNB1 TNB2 TNB3 TNB4 TNB5
81.00 0.65 0.63 0.61 0.57 0.53 0.28 0.28 0.26 0.25 0.23
121.8 0.49 0.48 0.46 0.43 0.40 0.21 0.21 0.20 0.19 0.17
244.7 2.14 2.08 1.99 1.86 1.73 0.93 0.91 0.86 0.81 0.75
344.3 3.59 3.49 3.33 3.12 2.89 1.56 1.52 1.45 1.35 1.26
356.0 3.74 3.64 3.47 3.25 3.02 1.63 1.58 1.51 1.41 1.31
444.0 4.78 4.65 4.44 4.16 3.86 2.08 2.02 1.93 1.81 1.68
662.0 6.75 6.56 6.26 5.86 5.44 2.93 2.85 2.72 2.55 2.36
778.9 7.56 7.36 7.02 6.57 6.10 3.28 3.20 3.05 2.85 2.65
867.4 8.12 7.90 7.54 7.06 6.55 3.53 3.43 3.27 3.07 2.85
964.1 8.69 8.45 8.06 7.55 7.01 3.77 3.67 3.50 3.28 3.04
1112 9.49 9.24 8.81 8.25 7.66 4.12 4.01 3.83 3.58 3.33
1173 9.81 9.55 9.10 8.53 7.91 4.26 4.15 3.95 3.70 3.44
1332 10.55 10.27 9.79 9.17 8.51 4.58 4.46 4.25 3.98 3.70
1408 10.87 10.58 10.09 9.45 8.77 4.72 4.59 4.38 4.10 3.81













































































Fig. 9. Relative differences of HVL values between TNB1 glass and other materials (%).
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Fig. 10. Relative differences of HVL values between TNB5 glass and other materials (%).
Fig. 11. RPE values versus photon energy for prepared glass samples.
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Fig. 13. Lead equivalent (dPb) values of TNB glass samples at 81, 356, 662 and 1173 keV.
















where RA and RO are the ionic radius of metal and oxygen, respectively.
3. Results and discussion
3.1. Physical properties
The chemical composition and density results of the TNB1, TNB2,
TNB3, TNB4, and TNB5 glass samples are listed in Table 1. The density
results of the studied glass samples as TiO2 content was increased are
shown in Fig. 4. The density of the samples increases as the TiO2
concentration increases. The increase in glass density is due to the
significant difference between the densities and molecular masses of
B2O3 (ρ= 2.55 g/cm3 and M. W= 69.62 g/mol) and TiO2 (ρ= 4.23 g/
cm3 and M. W = 79.866 g/mol). Accordingly, an increased TiO2 sub-
stitution ratio fills in the interstitial spaces with the higher density and
molecular weight of TiO2. The X-ray diffraction patterns of the quen-
ched xTiO2-15Na2O–30Bi2O3-(50-x)B2O3 samples displayed no crys-
talline peaks, as shown in Fig. 5. An expanded hump confirming an
amorphous structure was observed for all samples at 2θ ~28° −30°.
The increase in the TiO2 content substitution ratio did not affect the
amorphous nature of the glass samples.
3.2. Gamma shielding parameters
The LAC experimental results for the TNB5 sample (an example) are
Table 4
Experimental lead equivalent values of TNB glass samples.
E (keV) TNB1 TNB2 TNB3 TNB4 TNB5
81.00 1.39 1.43 1.50 1.60 1.72
121.8 1.72 1.76 1.85 1.97 2.13
244.7 0.36 0.37 0.39 0.42 0.45
344.3 0.21 0.22 0.23 0.24 0.26
356.0 0.20 0.21 0.22 0.23 0.25
444.0 0.15 0.16 0.17 0.18 0.19
662.0 0.11 0.11 0.12 0.12 0.13
778.9 0.09 0.10 0.10 0.11 0.12
867.4 0.09 0.09 0.09 0.10 0.11
964.1 0.08 0.08 0.09 0.09 0.10
1112 0.07 0.08 0.08 0.09 0.09
1173 0.07 0.07 0.08 0.08 0.09
1332 0.07 0.07 0.07 0.08 0.08
1408 0.06 0.07 0.07 0.07 0.08


















Fig. 14. Buildup factor (BF) values of TNB glass samples ate 356, 66, 1173 and 1408 keV.
Table 5
Buildup factor (BF) values of TNB glass samples.
E (Kev) TNB1 TNB2 TNB3 TNB4 TNB5
81.00 1.005538 1.005691 1.005969 1.006375 1.006869
121.8 0.998263 0.998215 0.998128 0.998001 0.997847
244.7 0.968671 0.967821 0.96628 0.964033 0.961309
344.3 0.981671 0.98117 0.980262 0.978937 0.977328
356.0 0.981766 0.981268 0.980364 0.979046 0.977445
444.0 1.015953 1.016396 1.017202 1.01838 1.019814
662.0 0.985836 0.985449 0.984745 0.983718 0.982472
778.9 0.993581 0.993404 0.993084 0.992616 0.992048
867.4 1.008326 1.008557 1.008975 1.009587 1.010332
964.1 0.994157 0.993996 0.993704 0.993279 0.992761
1112 0.997379 0.997307 0.997176 0.996985 0.996752
1173 0.991918 0.991696 0.991294 0.990706 0.989991
1332 1.001482 1.001523 1.001597 1.001706 1.001838
1408 0.997604 0.997538 0.997418 0.997243 0.99703
A.S. Abouhaswa, et al. Ceramics International 47 (2021) 185–204
195
plotted for the energy range of 81–1408 keV in Fig. 6. The LAC ex-
perimental values for the TNB5 sample (which has the highest amount
of TiO2) increase as energy (E) increases depending on the kind of in-
teraction process, with a sharp peak due to the k-absorption edge of Bi.
Photoelectric absorption (PEA), Compton scattering (CS), and pair
production (PP) processes predominate at E < 511 keV,
511 < E < 1022 keV, and E > 1022 keV, respectively [15]. The
MAC experimental results for the TNB1, TNB2, TNB3, TNB4, and TNB5
samples are plotted for the energy range 81–1408 keV in Fig. 7. In
general, the MAC experimental results decrease as E increases from 81
to 1408 keV and increase as TiO2 concentration increases from 0 to
10 wt %. Depending on PEA, CS, and PP processes, the MAC experi-
mental values declined against photon energy (identical to LAC beha-
vior) [14]. The MAC experimental results for the TNB1, TNB2, TNB3,
TNB4, and TNB5 samples were simulated using the FLUKA code and
calculated theoretically with the XCOM database (Table 2). The MAC
experimental results of the TNB1, TNB2, TNB3, TNB4, and TNB5
samples agree very well with the FLUKA code and the XCOM database
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Using the LAC experimental results, the half-value layer (HVL),
tenth-value layer (TVL), and mean free path (MFP) were calculated for
the TNB1, TNB2, TNB3, TNB4, and TNB5 samples at an E of
81–1408 keV (Fig. 8 and Table 3). The HVL experimental results in-
crease as E increases from 81 to 1408 keV, indicating that radiation can
easily penetrate through the glass samples when E increases. The TNB5
(10 TiO2 wt. %) sample has the lowest HVL, TVL, and MFP values of all
the samples, while the TNB1 (0 TiO2 wt. %) sample has the highest
such values due to the fact that it has the lowest density (ρ). Thus,
increasing the Ti concentration leads to an increase in the ρ results of
the glass samples, which leads to an increase in their MAC execution In
Figs. 9 and 10, the HVL results of the TNB1 and TNB5 samples are
compared with the HVL results of ordinary (OC), ilmenite-limonite
(ILC), basalt-magnetite (BMC), and steel-scrap (SSC) concretes [30], as
well as lead (Pb). As shown in these figures, the HVL results of the TNB1
and TNB5 samples are lower than those for OC, ILC, BMC, and SSC. The
HVL results of the TNB1 and TNB5 samples are higher than that for Pb.
The addition of TiO2 also increases the relative difference between the
glass samples and concretes and decreases the relative difference be-
tween the glass samples and Pb. For example, at 662 keV, the relative
difference between BMC and the samples increases from 31 to 45% due
to the TiO2 concentration increasing from 0 to 10 wt %. This means that
the HVL results of TNB5 are lower than the HVL results of BMC at 45%.
The relative difference between Pb and the samples decreases from
−244 to −177% due to the TiO2 concentration increasing from 0 to
10 wt %.
The RPE and TF experimental results for the TNB1, TNB2, TNB3,
TNB4, and TNB5 samples in the selected energy range of 81–1408 keV
Fig. 15. Fast neutron removal cross sections (ΣR) values for the selected glass samples.
Fig. 16. Ultraviolet, visible and infrared light range.
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Fig. 17. Absorbance spectra as a function of wavelength for prepared glass samples.

















Fig. 18. Absorption coefficient (α) versus incident photon energy for prepared glass samples.
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Fig. 19. (αhν)2 versus incident photon energy for prepared glass samples.
























Fig. 20. (αhν)1/2 versus incident photon energy for prepared glass samples.
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Fig. 21. (a) Direct, (b) indirect optical band gap and (c) phonon energy for prepared glass samples.
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Fig. 22. Absorption index as a function of wavelength for prepared glass samples.
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are plotted in Figs. 11 and 12, respectively. The highest RPE value,
84.22%, for the TNB5 sample occurs at 80 keV for 10 wt—% TiO2
concentration, which has a RPE value 110% higher than the TNB1
sample. The lowest RPE value, 10.95%, for the TNB5 sample occurs at
1408 keV for 10 wt % TiO2 concentration, which has a RPE value 128%
higher than the TNB1 sample (Fig. 11). The higher RPE results for the
TNB5 sample are due to increased TiO2 content. The TF of TNB5 (10 wt
%), which is the opposite of RPE, is the lowest among all the samples at
an E of 81 keV energy (Fig. 12). The TF increases in the 81–1408 keV
energy region and decreases at 128.8 keV due to the K absorption edge
of Bi. Due to the fact that it has the highest TiO2 concentration, the
TNB5 (10 wt %) sample is the best attenuator among all the samples,
particularly in the low-energy region.
The thicknesses of Pb required to obtain the same shielding effect
against gamma radiation (dPb) are plotted in Fig. 13 and Table 4. The
dPb values increase as TiO2 increases from 0 to 10 wt % and decrease as
E increases. The buildup factor (BF) results for the TNB1, TNB2, TNB3,
TNB4, and TNB5 samples are shown in Fig. 14 and Table 5. The BF
results decrease as TiO2 increases from 0 to 10 wt %. The theoretical ΣR
results for the TNB1, TNB2, TNB3, TNB4, and TNB5 samples are shown
in Fig. 15. The ΣR values increase in the following order: TNB1 (0 wt %)
(0.1326 cm−1) < TNB2 (2.5 wt %) (0.1331 cm−1) < TNB3 (5 wt %)
(0.1364 cm−1) < TNB4 (7.5 wt %) (0.1422 cm−1) < TNB5 (10 wt %)
(0.1497 cm−1). The fact that the TNB5 (10 wt %) sample has the
highest ΣR may be due to the large elemental composition of high-Z.
3.3. Optical properties
The absorbance of the samples was measured in the wavelength
range of (190–1100) nm. It is illustrated that there is a clear absorbance
peak for all the samples in the near-ultraviolet (UVA) area centred at
370 nm (3.35 eV). It is well known that ultraviolet light is emitted from
the sun in three types: long UVA light (the largest wavelength and low
energy), UVB medium-light, and short UVC light (a shorter wavelength
and greater energy) [31] (Fig. 16). Both UVA and UVB light can destroy
vitamin A in human skin [32]. UVC light is the most dangerous as it can
kill living cells, but it does not harm life on Earth because it is absorbed
in the ozone layer and the outer layer of the atmosphere. Only ultra-
violet light with medium and long wavelengths penetrates the ozone
layer and atmosphere: excessive exposure to such light leads to harmful
effects [33], such as burns, skin cancer, and eye diseases. It was pre-
viously thought that UVA is less harmful than UVB, but this is not
correct. It has been proved that UVB can contribute to skin cancer,
which damages DNA. It can generate free radicals such as reactive
oxygen species [34]. In our case, the absorbance of xTiO2-
15Na2O–30Bi2O3-(50-x)B2O3 glasses (where x = 0, 2.5, 5, 7.5 and



















Fig. 23. ln(α) versus incident photon energy for prepared glass samples.
Table 6
Chemical composition, density (ρ) (g/cm3), molecular weight (M) (cm3/mol),
molar volume (Vm) (g/mol), packing density (Vt) (cm3/mol) and dissociation
energy per unit volume (Gt) (kJ/cm3).
Code TiO2 Na2O Bi2O3 B2O3 ρ M Vm Vt Gt
TNB1 0.0 15 35 50.0 4.0251 207.19 51.47 0.41 13.69
TNB2 2.5 15 35 47.5 4.0951 207.45 50.66 0.42 13.81
TNB3 0.5 15 35 45.0 4.2521 207.70 48.85 0.43 13.92
TNB4 7.5 15 35 42.5 4.4957 207.96 46.26 0.45 14.03
TNB5 10 15 35 40.0 4.7951 208.22 43.42 0.47 14.14
Table 7
Young's (Y) (GPa), bulk (k) (GPa), shear (G) (GPa), longitudinal (L) (GPa)
modulus, and Poisson's ratio (σ) values using Makishima and Mackenzie. Molar
oxygen volume (MOV) (cm3/mol), oxygen packing density (OPD) (mol/L),
number of bonds per unit volume (nb × 1023) (cm−3) and average cross-link
density (ACD).
Code Y K G L σ MOV OPD nb ACD
TNB1 47.19 23.26 21.78 52.31 0.16 19.06 52.45 5.25 4.50
TNB2 47.98 23.86 22.09 53.31 0.17 18.94 52.81 5.42 4.56
TNB3 49.79 25.49 22.72 55.78 0.18 18.43 54.25 5.71 4.62
TNB4 52.60 28.22 23.68 59.79 0.19 17.62 56.75 6.13 4.68
TNB5 56.05 31.80 24.86 64.94 0.21 16.70 59.88 6.63 4.74
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10 wt%) increases as the TiO2 content increases from 0 to 10 wt %.
Therefore, the present samples can be used to protect humans from
UVA light. The optical absorption spectra of undoped soda lime bor-
osilicate glass in a wavelength range of 300–1100 nm have been stu-
died, along with the optical absorption spectra of samples doped with
different levels of Bi2O3 [35]. It can be observed that the absorption
edge slightly shifts to the longer wavelength as the Bi2O3 concentration
increases. On the other hand, in case of PbO, the result is similar to that
from Bi2O3. It can be observed that the absorbance increases as the
Bi2O3 or PbO concentration increases. Therefore, the xTiO2-
15Na2O–30Bi2O3-(50-x)B2O3 glass samples (where x = 0, 2.5, 5, 7.5
and 10 wt%) can be used for protection from UVA light.
The absorption coefficient (α) can be calculated using the following
equation [36]:
=α A t2.303 ( / ) (23)
where t is film thickness.
Fig. 17 shows the dependence of the absorption coefficient (α) on
the intendant photon energy (hν) for the glass samples. It is observed
that with increasing TiO2 content, the value of α increases. Moreover,
the edges shift towards lower energy regions. It is well known that the
value of α depends on hν according to the following equation [37]:
= −hν A hν E(α ) ( )m g (24)
Fig. 24. Young's modulus (Y) values using Makishima and Mackenzie model for glass samples.
Fig. 25. Bulk modulus (Y) values using Makishima and Mackenzie model for glass samples.
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where Eg is the optical band gap, and m is the power indicated in the
transition process. If m = 2, it is direct allowed transition. If m = 1/2,
it is indirect allowed transition. It is known that there are two major
optical transition probabilities; (i) optical direct and (ii) indirect tran-
sition. For the probability of direct transition (m = 2), Fig. 18 shows
the dependence of (αhν)2 on the incident photon energy of the glass
samples. (ii) For the probability of indirect transition (m = 1/2).
Therefore, eq. (24) takes the following form [37]:
= − ±hν A hν E E(α ) ( )g ph1/2 (25)
where Eph is the phonon energy.
Fig. 19 illustrates the relation of (αhν)1/2 versus photon energy (hν)
plots for the studied glass samples. The intercept of the straight line
with the photon energy axis at (αhν)2 = 0 and (αhν)1/2 = 0, respec-
tively, gives the optical band gap, Eg1(indirect), and Eg1(direct). As is well
known, indirect transitions are valid for amorphous materials. Fig. 20
shows the dependence of the two types of optical band gap and the
phonon energy for the TNB1, TNB2, TNB3, TNB4, and TNB5 samples.
The values of the two types of optical band gap decrease as the TiO2
content increases. This behavior can be understood in terms of the
structural changes taking place in the glass systems [38]. This decrease
is seen because of the development of new Bi–O–B bonds. These new
bonds are formed because of the incitement of the electrostatic field of
the firmly polarizing Bi3+ particles. The bond force stretching constant
Fig. 26. Shear modulus (Y) values using Makishima and Mackenzie model for glass samples.
Fig. 27. Longitudinal modulus (L) values using Makishima and Mackenzie model for glass samples.
A.S. Abouhaswa, et al. Ceramics International 47 (2021) 185–204
202
will decrease, since the bond force stretching constant of Bi–O is lower
than that of the B–O bond. Therefore, the Bi–O bond length increases,
thus expanding the glass and replacing B–O linkages with Bi–O and
Ti–O linkages, which are weaker. Furthermore, accessible oxygen
around the bismuth cations will increase, thus diminishing the esti-
mations of Eg Ref. [38].
The extinction coefficient (k) can be calculated as follows [39]:
=k αλ
π4 (26)
The dependences of k at different wavelengths for the TNB1, TNB2,
TNB3, TNB4, and TNB5 samples are shown in Fig. 21. In Fig. 21, it is
pretty obvious that k increases as the TiO2 content increases. The ab-
sorption-coefficient close to the absorption-edge obeys the empirical





In this formula, αo is the constant and Eo is the width of localized
states. The relationship between ln(α) vs photon energy (hν) for the
glass samples is given in Fig. 22. Eo values are tabulated in Fig. 23: these
reflect increased behavior as the TiO2 content increases. As illustrated
in this figure, the electronic transition between localized states is valid
for the TNB1, TNB2, TNB3, TNB4, and TNB5 samples.
3.4. Mechanical properties
The computed mechanical parameters of the investigated TNB1,
TNB2, TNB3, TNB4, and TNB5 samples are advantageous for designing
of radiation shielding materials [41–44]. The M, Vm, Vt, and Gt (Y, K, G,
L, and σ) moduli and the MOV, OPD, nb, and ACD values are evaluated
and listed in Tables 6 and 7. As listed in these tables, the M, Vm, Vt, Gt
OPD, nb, σ, and ACD values increase as the TiO2 concentration increases
from 0 to 10 wt %. The relationship between the elastic moduli (Y, K, G,
and L) and the TiO2 concentration are shown in Figs. 24–27, respec-
tively. The Y, K, G, and L results increase as the TiO2 concentration
increases. This may be due to the fact that the elastic moduli depend on
density, which means the enhancement of the rigidity of the glass
samples.
4. Conclusion
In today's world, the number of new and promising technological
developments is rapidly increasing, thanks to multidisciplinary studies.
This situation provides a remarkable possibility for advanced in-
vestigations in terms of multidisciplinary challenges on material science
[62–66]. Among the multidisciplinary fields, radiation studies and
shielding materials are significant research areas that can be performed
with co-operation of different sub-fields such as nuclear physics, ma-
terial sciences and chemistry. Eventually, the needs for novel and eco-
friendly shielding materials have emerged even stronger in recent
years. For this reason, studies on alternative shielding materials such as
glasses, alloys, composites continue with very high motivation. This
situation has encouraged us to fabricate a series of TiO2 rich glasses in
terms of their availability to use in nuclear radiation areas. Considering
the essential needs of ideal shields, we aimed to perform a large ex-
perimental characterization on different type of TiO2, reinforced glasses
in terms of their optical, nuclear radiation shielding and mechanical
properties. The effect of different TiO2 concentrations on the radiation
shielding, optical, and mechanical properties of xTiO2-
15Na2O–30Bi2O3-(50-x)B2O3 glass samples (where x = 0, 2.5, 5, 7.5
and 10 wt%) were illustrated. Moreover, attenuation performance of
synthesized glasses against nuclear radiation was measured at 14 en-
ergies within the range of 81–1408 keV. Some important properties,
such as linear attenuation coefficients, mass attenuation coefficients,
half value layer thicknesses, radiation protection efficiency, transmis-
sion factors and effective mass removal cross section values were de-
termined. The LAC experimental results were measured using a HPGe
detector. Simulated and theoretical MAC values were obtained using
the FLUKA code and the XCOM database. Good agreement was ob-
served between the experimental, simulated, and theoretical results.
The TNB 5 sample (10 TiO2 wt. %) generally had the lowest HVL, TVL,
MFP, BF, and TF values and the highest LAC, MAC, dPb, RPE, and ΣR
values. This means that the TNB 5 sample (10 TiO2 wt. %) offers su-
perior shielding against gamma and neutron radiation compared to the
other samples. The results showed that radiation shielding properties
increase according to the doping ratio. Both the direct and indirect
band gaps decrease as the TiO2 content increases, which could be due to
the development of new Bi–O–B bonds. Our glass samples enhance
absorbance as TiO2 concentration increases, evidence that the devel-
oped samples can protect humans from UV light. As a result of this
study, it can be concluded that continuous researches are needed in
terms of glass sciences and material development studies. The effect of
reinforcement was clear. However, different types of comprehensive
investigations with different additive amounts can be considered as a
continuous study of our project on eco-friendly novel shields.
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